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Abstract 
The cloud-to-ground lightning is quite detrimental to the modem systems. The 
various kinds of field measurements on lightning discharges have enriched our 
understanding about the phenomena and have enabled the evolution of suitable 
protection technology. Two of the important parameters associated with lightning 
discharges that dictate the consequential detrimental effects are the peak value and the 
rate of rise of discharge current. For most of the electromagnetically susceptible 
systems, these two parameters would suffice. The measurement of lightning discharge 
currents through lightning protection towers and columns of tall buildings serves two 
purposes. Firstly, it enables an implicit verification of the efficacy of the protection 
system against direct hits. Secondly, such a measurement provides valuable data on the 
parameters of local lightning discharges, which is of great practical relevance. It has - 
been recently emphasized that lightning data could vary with geography and seasons. 
The Rogowski coil current transducers provide a convenient way for the non- 
intrusive measurement of impulse currents. They are basically air cored toroidal coils 
of uniform cross section wound on an insulating former. When a time varying current 
flows through the conductor surrounded by the coil, the magnetic field produced by the 
current induces voltage in the coil. Depending on the coil design, either this induced 
voltage or its integral will be proportional to the current in the conductor. Rogowski 
coil transducer has many advantages such as: they are very economic, linearity over the 
full range, flexibility in their shape and ease of split-core design. The last point is very 
important, as coil has to be inserted into tower legs and columns of the buildings. In 
view of the above they score over their competitors such as high bandwidth current 
transformers and Hall Effect based devices. 
The intended measurement imposes several new difficulties. Due to relatively 
large cross section of the current path, the resulting flux densities will be lower. Also, 
the sharing of lightning discharge current amongst different parallel paths reduces the 
magnitude of the current in each branch. The above two factors reduces the net flux by 
more than two orders. As a consequence, a reliable measurement of the current 
demands, irrespective of the type, a highly sensitive transducer. The stringent 
requirement on high sensitivity imposes constraints on its working bandwidth. Further, 
due to the demand on sensitivity and to minimize the noise induction from 
neighbouring parallel current carrying paths, Rogowski coil needs to be fitting as 
closely as possible to the current carrying conductor. Noting that the conductors are not 
circular, the above condition makes the induction to the coil quite non-uniform. The 
accuracy of the measurement must be high for the rising portion, which comprises of 
high frequency components. In other words, the performance of the transducer near its 
higher frequency limit with prevailing non-uniform induction is an issue that needs to 
be seriously considered. 
A survey of the relevant literature reveals the following. The theoretical studies 
have dealt only with the case of high ratio of C,/C, (ground to series capacitance) and 
only uniform and an extreme case of non-uniform excitation. The experimental studies 
have only demonstrated that the non-uniform excitation can result in a further 
deterioration of the transducer's output response. Therefore, the studies reported in the 
literature are not adequate for the problem in hand. In view of this, the present 
investigation has been taken up. However, the investigation of the whole problem will 
be quite time consuming and will be beyond the scope of this Masters dissertation. 
Considering these, the scope of the present work is defined as to: (a) investigate the 
performance of the circular Rogowski coils of both low (30) and high (1000) C,/C, for 
their high frequency limit and (b) to investigate the impact of non-uniform excitation 
on the same. As both differentiating Rogowski coil with external integrator and self- 
integrating Rogowski coil are employed in practical measurements, both of them are 
considered in the investigation. The generality of the modelling and theoretical 
investigations makes it possible to even analyse the performance of differentiating type 
Rogowski coil without integrator, therefore it will also be considered in brief. 
A suitable modelling of the Rogowski coil is considered for the intended study. 
First, a distributed ladder network with finite number of sections is considered and a 
h l l  validation is carried out with the published work, however, for the excitation 
imposed only at one end. The circuit model is very convenient for evaluating the time 
domain response of the transducer. However, as the actual induction to the Rogowski 
coil is distributed along its length, the above said validation seemed to be inadequate. In 
order to have the rigorous analysis and validation, governing equations for the voltage 
and current in frequency domain under both uniform as well as non-uniform excitation 
are deduced. The equations derived are quite similar to the Wagner-Rudenburg 
equation for voltage distribution in a single layer coil, however with an additional 
source term. The approach is not so obvious and is quite cumbersome. T T  equations 
derived are novel and are one of the important contributions of the present work. The 
solutions for these equations have been deduced in frequency domain. Only the non- 
uniform excitation resulting out of eccentricity, which forms the highest non- 
uniformity, is considered. Providing solution for non-uniform excitation was quite 
involved. These solutions have been cross-verified for some limiting cases. With these 
solutions, the frequency domain output voltage response of all the three different types 
of Rogowski coils have been studied in detail for both low and high C,/C, cases and 
uniform and non-uniform excitation modes. The corresponding circuit solutions are 
also obtained and compared with the analytical solutions. 
As can be expected the three different types of coil yielded different kinds of 
frequency domain output voltage characteristics and these characteristics showed some 
dependency on the effective terminal resistance employed. In all the cases, as the 
frequency approaches that of first pole or zero the output voltage deviated from the 
ideal response. After this, appearance of poles andlor zeros at successive intervals 
continuously modulated the output voltage, thereby rendering the measurement for this 
fiequency regime highly unreliable. 
Under the uniform excitation, the output voltage for differentiating Rogowski 
coil with external integrator exhibits poles and zeros at regular intervals. Considerable 
gain at the resonance frequencies i.e. poles is observed. When the C,/C, is low the 
higher frequency poles and zeros are found to cluster towards the low frequency side 
and further the corresponding poles were also much stronger. 
For the self-integrating Rogowski coil under uniform excitation, only zeros are 
visible in the output voltage. Further their width was also smaller. As reported in the 
literature, this type possesses highest working bandwidth. For low ratio of ground to 
series capacitance, similar cramping of zeros toward low fiequency side is observed. 
For differentiating Rogowski coil without any integrator, the output voltage 
contained both poles and zeros, with the output voltage including the pole magnitude 
showing a steady increase with the frequency. 
In all the above cases, the characteristics are modulated by the value of terminal 
resistance. Higher terminal resistance yielded poles of higher strength and vice versa. 
The invariance in the location of poles and zeros as well as change in pole strength with 
frequency are theoretically analysed. 
For the non-uniform excitation, the analysis, whenever applicable was split into 
high terminal resistance (Z, >> 2,) and low tenninal resistance (Z, - Z, & Z, < Z,) 
cases. For the high terminal resistance, which is applicable only to differentiating type 
coils, the location of poles are theoretically shown to be independent of the location and 
value of the eccentricity. However, for the same type, zeros could be absent also. The 
same is proved by both the analytical as well as the circuit solution. The variation in the 
pole magnitudes with the location of the eccentricity is also analysed qualitatively. 
For the self-integrating coil, for which no poles were seen earlier, the every case 
of non-uniform excitation showed several new features. The zeros of the response are 
many a times missing and more importantly, the poles which were absent earlier, now 
appear with considerable strengths. These characteristics are detrimental to the high 
frequency response of the coil. 
The time domain studies are subsequently taken up. As the frequency domain 
solution from the circuit model compared excellently with the analytical solution, the 
circuit model is filly validated. In view of this, all the time domain output voltages are 
calculated from the circuit model. In order to have a clear quantification fastest pulse 
that can be measured within a tolerance of 5%, settling time or the response time for 
unlt step is considered. The step response for the three different types of coils showed 
some salient characteristics, which are actually the time domain replica of the 
frequency domain response studied earlier. 
Rogowski coil with external passive integrator exhibited a response, while 
limited by the high frequency limit, did not show any over dependency on the 
eccentricity of the source conductor. The response is the best for uniform excitation i.e. 
symmetric source conductor. The differentiating Rogowski coil without any integrator 
indicated over amplification of the noise, with no over dependency on the eccentricity 
of source conductor. When the terminating resistance is set equal to the surge 
impedance of the coil, the response time is the lowest and all the internally developed 
noise vanished very quickly. On the other hand, the self-integrating Rogowski coil 
exhibited excellent measurement accuracy for uniform excitation. However, its output 
is found to be overly sensitive to +he non-uniform excitation. For this case, in fact, the 
step response never showed any settling tendency even after the permissible range for 
the self-integration. 
The accuracy for the impulse currents was in line with the step response 
characteristics. The characteristics of the noise induced in the coil due to coupling to 
external current carrying conductor parallel to the main conductor is found to be quiet 
similar to the pervious case. When the shape of the coil becomes elliptic, the output 
voltage had similar characteristics of that with circular coil under eccentric excitation. 
In summary, the present work has successfully developed theoretical tools for 
analysing the performance of all types of Rogowski coils near their high frequency 
limit. The frequency domain analytical solution is derived and the output voltage 
characteristics are analysed. The time domain simulation is also canied out and 
accuracy of the measurement is analysed. In conclusion, the present work has made 
some basic contribution to the measurement accuracy of all types of Rogowski coil 
current transducers. 
